INTRODUCTION
R UPTURE OF TENDONS can lead to life-long disability. Healing of these tissues depends on a) the extent of the injury, b) the type of surrounding connective tissue available to contribute to the healing process, c) the degree to which the ends of the tendon can be approximated, d) the capability of the cells in tendon to migrate into and proliferate and differentiate in the wound site, and e) the type of motion imparted to the site during the healing process. It remains uncertain how these factors interact and affect the healing process. Moreover, it has been difficult to determine the intrinsic capability of tendon to heal for most animal models and human observations, because of the extrinsic influence of surrounding tissues. Healing of tendon has generally been found to proceed by way of "repair," that is, the formation of scar tissue. Despite the fact that, under some circumstances, this scar can assume some of the cellular, biochemical, histological, and biomechanical features of normal tendon, healing does not result in full recovery of tendon composition and function. Tendon regeneration requires the migration, proliferation, and differentiation of cells in the wound site, such that the phenotype and distribution of cells within the healed substance would be as found in normal tendon. These considerations have prompted the development of an analog of extracellular matrix, comprising a porous collagen-glycosaminoglycan (CG) polymer, to serve as a scaffold to facilitate the regeneration of tendon at sites at which the substance has been lost. The importance of this approach to engineer tendon derives, in part, from the problems encountered in using other methods to treat tendon injuries: direct suture, prosthetic replacements, and tissue grafts.
Considerable attention has been directed toward methods of suturing tendon lacerations and the beneficial effects of continuous passive motion on healing of this tissue. Several techniques of suturing have been proposed to increase the immediate strength of the repair, and to facilitate subsequent healing. 1^ The challenge in obtaining a suture repair of a tendon injury increases significantly the greater the segmental loss of tissue. Suturing techniques alone are inadequate for the treatment of these injuries in which a gap exists between the ends of the tendon.
Generally, there has been an indication that postoperative mobilization significantly enhances the healing of tendon injuries. Studies have shown that tendons mobilized during healing differ considerably morphologically from tendons that were immobilized during healing. 5 7 A thickened epitenon and cellular layer migrating into the depths of the repair site were found in the groups undergoing mobilization. Other studies have shown an increase in the load-carrying capacity in tendons that have undergone mobilization during healing. It is important to note, however, that many of these animal models employed lacerations of the tendon, without much of a segmental loss of tissue.
The search for a prosthesis to replace tendons has paralleled approaches used for ligament replacement, and has been prompted by the desire to obtain immediate load-bearing capability. 8 " 12 Devices fabricated from synthetic polymers and carbon fibers have been investigated in animal and human subjects. Problems generally related to the insertion of the device into bone, proper tensioning, and issues related to the abrasion of the prosthesis against bone at sites where the prosthesis exited a tunnel through bone. While encouraging results were reported in the short term, questions about the long-term performance of these devices limited their use. Considering that polymers have been found to undergo biodegradation and mechanical breakdown in other applications, expectations for their long-term performance as tendon prostheses should be limited.
The role of soft tissue autografts and allografts in treating tendon injuries is still uncertain. Questions relate to the source of the donor graft, methods of attachment to the residual tendon fragments, and proper tensioning. These grafts are generally used in situations where there is a desire to have immediate postoperative mobilization. However, many of these soft tissue grafts are unable to provide adequate long-term function, and do not adequately serve as templates for regeneration of the injured tendon.
In an effort to develop a fibrous template for tendon regeneration, Kato et a/. 13 investigated a carbodiimide-cross-linked collagen-fiber prosthesis. In studies in which this implant was used to bridge a gap in the Achilles tendon of rabbits, the prosthesis yielded results similar to those of autogenous tendon grafts, in that neotendon replaced the implants; the neotendon, however, was "similar, but not identical, to normal tendon," 1 year after implantation of the prosthesis.
The rationale in this study for use of an CG analog of extracellular matrix to facilitate regeneration of tendon was based, in part, on the success experienced in developing such substances for the regeneration of dermis 14 " 17 in animals and human subjects and the reconnection of axons of cells in ruptured peripheral nerves in rats. 16 ' 18 ' 19 Moreover, there was an indication that such an approach was successful in the regeneration of meniscus. 20 Left untreated, defects in these tissues would not heal by regeneration. The present investigation employed a novel rabbit animal model that isolated a 10-mm tendon gap from surrounding tissue by entubulation of the tendon stumps in a silicone tube; the model allowed for the evaluation of the effects of a CG matrix on healing of the tendon, absent the influences of the external environment.
MATERIALS AND METHODS
A gap was produced surgically in the right Achilles tendons of 24 rabbits. Under general anesthesia and aseptic condition, the posterior aspect Achilles tendon was exposed using a straight longitudinal incision. The Achilles and plantaris tendons were retracted posteriorly to expose the anterior area of the Achilles tendon. The tendons of the peroneus long, bevis and tertius were cut and a portion of each tendon was dissected away. This procedure was performed to immobilize the tendon gap site. The plantaris tendon was cut with a "Z" plasty, and the Achilles tendon transected at its middle. The Achilles tendons stumps immediately retracted about 8 to 10 mm. The wound area was kept covered and moist with a wet saline soaked gauze while the knee joint was immobilized by external fixation to reduce loading to the tendon. Maintaining the hock joint at 45-degree extension, the tendon stumps were inserted into a silicone tube, with or without the CG contents (see below). A 10-mm gap in the tendon was maintained by three modified Kesslertype stitches through each stump and the tube, that allowed any mechanical stresses imparted to the system to be taken up by the sutures. The two "Z" surfaces of the tendon of plantaris were separated away, then the touched parts were sutured under minimum tension. The three time periods of evaluation were 3, 6, and 12 weeks, witii four animals receiving an empty tube and four rabbits implanted with a tube filled with the CG matrix at each time period.
The CG matrices consisted of type I bovine hide collagen precipitated from acid dispersion with chondroitin-6-sulfate as previously described. 21 The suspended coprecipitate suspension was injected into a silicone tube (3.8 mm inside diameter) and immersed into a coolant bath and freeze-dried, to produce the porous CG matrices. The matrices were then exposed to a dehydrothermal treatment for cross-linking and sterilization. The matrix was nominally 95% porous with an average pore channel diameter of 60 At sacrifice, the excised tendons were fixed in 10% neutral buffered formaldehyde. The silicone tube was split lengthwise to expose the contents. Specimens were sectioned into three parts: proximal tissue (which included tissue of the proximal tendon stump) midsection tissue (which was composed of reparative tissue), and distal tissue (which included tissue of the distal stump). The contralateral tendon was similarly sectioned. The tissues were dehydrated and embedded in paraffin, and microtomed sections stained with hematoxylin and eosin for cell composition and Masson's trichrome for organization and orientation of the collagenous extracellular matrix. Tissue sections stained with hematoxylin and eosin were viewed with polarized light microscopy to evaluate the crimp pattern in the collagenous extracellular matrix. The wavelength, or period, of the crimp was measured, as was the fiber bundle thickness, the thickness of the bundle of collagen fibers that indulated together to form the crimp pattern.
RESULTS
Grossly, within the silicone tube, there appeared to be a cable of tissue spanning the wound gap for all specimens, except for a few specimens that had "pull-out" of the tendon stump, and were omitted from the study. While the amount of tissue within the silicone tubes decreased with time, there was consistently more reparative material in the tubes that had initially contained the CG matrices than those implanted empty. Histologically, by 12 weeks, tissue in the empty tube and tube filled with CG matrix had decreased from 100% of the defect to 5% and 15% of the wound site, respectively. 
Three Weeks
Inflammatory and fibroblast-like cells, and new blood vessels, were readily identifiable in the animals that received the empty silicone tubes (Fig. 1A) . The fibroblasts were rounded with large nuclei. The cellular and extracellular make-up of the reparative tissue at this time period was consistent with granulation tissue. Masson's trichrome revealed loose fibrous tissue with regions of densely packed collagen bundles. The loose fibrous tissue appeared to be randomly orientated (ie, no preferential fiber direction) but the denser-packed fibers appeared to be aligning in the long direction of the tendon. The dense fibrous tissue was localized at the outer regions of the lumen of the tube, whereas the central portion of the defect contained loosely organized and randomly orientated fibers.
CG matrices were found at this postoperative period with no indication of resorption (Fig. IB) . Inflammatory cells and blood products predominated in tissue in CG-matrix-filled tubes, and infiltrated the CG matrix. Fibroblast-like cells were not as clearly identifiable in the 3-week samples. Masson trichrome revealed a loose fibrous matrix with localized regions of aligned dense fibrous matrix fibers in the CG filled tubes. There was in general more cellular material present in the CG-filled tube than the empty tubes. As in the empty tubes, dense aligned matrix fibers were located toward the outer zone of the lumen.
None of the fibrous tissue found in the empty and CG-filled tubes displayed a crimp pattern.
Six Weeks
The reparative material in the tubes implanted without the CG matrix was predominantly fibrous ( Figs.  2A and 3A,B) , in contrast to the granulation tissue found earlier. The majority of the cells in the empty tubes were fibroblastic, displaying a more elongated morphology than cells in the 3-week tissue. The spindle-shaped fibroblasts were randomly oriented in the defect. The nuclei of the cells appeared to be smaller Fig. 3A,B) , aligned along the long axis of the tendon; however, there remained many regions in which the fibers were not as highly aligned. In some regions, the densely packed collagen was crimped (Fig. 3B) .
Tissue in the tubes with the CG matrix had the appearance of granulation tissue (Fig. 2B, and Fig. 3C ). While still very cellular, it was less so than at 3 weeks. CG material was present in some areas of the wound site (Figs. 2C, 3C) , although some resorption of the matrices was evident. The majority of the inflammatory cells appeared to be in the same regions as the CG matrices. Fibroblasts were present toward the edge of the tissue. They appeared rounded to slightly elongated with relatively large nuclei. In general, the reparative tissue fibers were aligned in the long direction of the tendon. Also, the central portion of the tissue, that did not appear to have aligned fibers at 3 weeks, now displayed isolated regions with oriented fibrous tissue. A more woven collagenous extracellular matrix was found in the tubes adjacent to the tendon stumps (Fig. 3D) .
None of the fibrous tissue in the CG-filled tubes displayed a crimp pattern. One of the empty tube specimens had small regions that displayed a crimp pattern. These regions were confined to the outer border of the tissue sample.
Twelve Weeks
The majority of fibroblasts in the empty silicone tubes had become highly elongated with a further decrease in the size of the nuclei (Fig. 4A) . The cells and particularly the extracellular collagen fibers ( 4A,B) were highly aligned in the long direction of the tendon. The overall number of cells also appeared to have decreased from 6 weeks. The number of cells in the CG-filled tube decreased significantly (Fig. 4C) , and there was no evidence of CG matrix present; resorption of the matrices appeared to have occurred between 6 and 12 weeks. Fibroblasts were the predominant cell. They ranged from slightly elongated to highly elongated with smaller cell nuclei. In general, cells toward the edges appeared to be more highly elongated and aligned in the long direction of the tendon, with the cells toward the center of the tissue slightly less elongated, and not necessarily aligned in the long direction of the tendon. The tissue in tubes filled with CG matrix comprised of collagen fibers aligned along the tendon axis and others randomly oriented (Fig. 4C,D) .
Tissue in empty tubes had more regions with crimp pattern than at earlier time periods (Fig. 4B) . The crimp wavelength was 12.2 ± 3.0 fxm (average ± SEM) and the fiber bundle thickness was 30.2 ±11.0 /am (Fig. 4B) . Normal tendon had a crimp wavelength of 110 ± 20 fim and fiber bundle thickness of 1.2 ± 0.4 mm (Fig. 5) . Fibrocollagenous tissue in tubes filled with collagen-GAG matrices displayed some areas in which the collagen fibers were folded, but did not demonstrate a crimp pattern (Fig. 4D) .
DISCUSSION
Tendon healing results in the formation of scar, which differs morphologically, biochemically, and biomechanically from the original tissue. While this scar tissue may assume some of the characteristics of tendon, complete regeneration does not occur. Questions remain about the origin of the cells responsible for the production of collagen in this reparative tissue and the mechanism by which the originally disorganized collagen fibers align themselves and adopt the normal crimp pattern. Controversy surrounding the source of the cells relates to the intrinsic capability to heal 23 versus the extrinsic contribution from surrounding tissues or from the tendon sheath or the epitenon 24 " 26 ; and some believe that both intrinsic and extrinsic sources of collagen-producing cells contribute to the healing process. 2527 A drawback of the studies supporting intrinsic healing is that they were performed in vitro; conclusive support of intrinsic healing in animal experiments is difficult because of the problem of differentiating between collagen-producing cells originating from the tendon and those cells originating from extratendinous tissue.
The present study is the first investigation of the healing of an entubulated tendon gap that isolated the defect both biologically and mechanically from the external environment during healing. The results showed that tendon stumps induced synthesis of tissue capable of bridging a 10-mm gap in the presence and absence of CG matrix. The presence of the CG matrix, however, altered the kinetics of tendon healing. Tubes filled with CG matrix contained a significantly greater volume of tissue at all time periods. At 3 and 6 weeks, the presence of the nondegraded CG matrix may have contributed, in part, to the volume, but no residual CG matrix was observed at 12 weeks. Granulation tissue persisted for a longer period in the lesion site of CG-filled matrices. The amount of dense fibrous tissue increased continuously during the period of study in defects filled with CG matrix; in contrast, the amount of dense fibrous tissue decreased after 6 weeks in the originally empty lesions. Moreover, in empty tubes, by 6 weeks, some of the fibrous tissue comprised dense aggregates of crimped fibers with a wavelength and fiber bundle thickness that were both significantly shorter than those in normal tendon. Although, CG-filled tubes contained dense fibrous tissue, by 12 weeks, the tissue had no crimp. The CG matrix may have prolonged the synthesis of granulation tissue and have affected the ability of the matrix fibers in the tissue to align.
The crimp pattern of tendon has been shown to play an important role in its mechanical properties. 28 ' 29 The wavelength and thickness of fiber bundles associated with the crimp of the dense fibrous tissue found in the empty tubes were significantly smaller than for normal tendon. Similar results have been reported by Kato and associates 1330 -31 in studies of the response of tendon healing to the presence of resorbable collagen-based fibrous grafts. The tissue in Kato's tendon lesion site was described to have a crimp wavelength (10 Jim) comparable with that of tissue in the empty tube at 12 weeks described in this study (12 /irn) . In Kato's study, it was also observed that this crimp pattern was present from 3 weeks to 52 weeks with minimal change in the crimp characteristics. The question that arises: Is this an end-stage scar tissue? That the tissue in Kato's study did not appear to remodel significantly by 52 weeks, and is similar to tissue found in the empty tube at 12 weeks in this study, leads one to believe that this tissue may be terminal "scar" tissue. Moreover, the crimp pattern was consistent with scar tissues found in other healing tissues. These findings indicate that the CG matrix altered the process of tendon healing such that the formation of scar was delayed or prevented. If this is the case, the results would parallel the findings of studies in which a CG matrix delayed the onset of, and reduced the severity of, scarring in full-thickness dermal wounds, and thereby facilitated regeneration. 17 The present study has shown that an animal model can be implemented to investigate the course of healing of a relatively wide gap in a large tendon, absent extrinsic influences. Spontaneous healing through 12 weeks results in a small diameter cable of fibrous tissue with crimp characteristics consistent with scarwith a crimp wavelength approximately one order of magnitude smaller than that of normal tendon. The presence of a CG matrix modifies the reparative process, apparently delaying or preventing scar formation. This work serves as a foundation for future longer term studies to determine the extent to which tendon regeneration is achieved with the CG matrix alone, or with cell-seeded conducts that may accelerate the process of regeneration.
